Background and purpose-Intracerebral hemorrhage (ICH) is the acute manifestation of a progressive disease of the cerebral small vessels. The severity of this disease appears to influence not only risk of ICH, but also the size of the hematoma. As the burden of high blood pressure(BP)-related alleles is associated with both hypertension-related end-organ damage and risk of ICH, we sought to determine if this burden influences ICH baseline hematoma volume (BHV).
INTRODUCTION
The volume of intraparenchymal bleeding is the strongest predictor of clinical outcome in intracerebral hemorrhage (ICH). 1 In a model proposed by Fisher, the volume of the ICH is influenced by the severity of the small vessel disease that initially caused the hemorrhage. 2 According to this model, the final volume of the hematoma depends on the additional bleeding contributed by the rupture of adjacent, previously diseased small vessels located in the periphery of the artery that originated the ICH. Importantly, the small vessel disease referred to by this model is thought to differ by location: while hypertensive vasculopathy has been found in deep ICH, 3 amyloid angiopathy is the predominant finding in lobar ICH. 4 The aforementioned hypothesis provides an appropriate framework to describe the role of genetic variation within the apolipoprotein E gene in the occurrence of ICH. Genetic variants at this locus cause familial and sporadic forms of cerebral amyloid angyopathy. 5 Accordingly, the apolipopretein E epsilon-2 allele has been shown to be associated with both increased risk 6 and larger volume of the hematoma in ICH. 7 These associations were described specifically for hemorrhages occurring in lobar regions of the brain, in line with the histopathological variation by topography described above. The objective of the present study was to explore whether a similar model applies to hypertensive vasculopathy and volume of deep ICH.
Genetic risk scores (GRSs) express in a single measure the burden of risk alleles for a specific outcome carried by a given individual. Higher numbers of a blood pressure(BP)-based GRS are associated with higher BP measured through direct observation. 8 Accordingly, we have previously found that a BP-based GRS is associated with risk of ICH in deep supratentorial structures. 9 And a similar GRS has been shown to correlate with left ventricular hypertrophy, a measure of end-organ damage due to long lasting hypertension. 10 Of note, animal studies show that the presence of hypertension-related end-organ damage in one organ correlates with tissue damage in other organs. 11 Based on these findings, we aimed to evaluate whether the aggregate burden of high BP-related alleles, as measured by a BP-based GRS, influences the volume of ICH at presentation. We hypothesize that in subjects with deep ICH, higher numbers of this GRS will be associated larger intracranial hematomas due to a more severe underlying hypertensive vasculopathy.
METHODS

Study design and patients
We utilized a cohort design to assess the relationship between high BP-associated risk alleles (or single nucleotide polymorphisms, SNPs) and ICH baseline hematoma volume (BHV) and risk of poor functional outcome at 90 days (defined as modified Rankin Scale [mRS] scores 3-6). Subjects were recruited through the Genetics of Cerebral Hemorrhage on Anticoagulation (GOCHA) study. 12 All individuals underwent genome-wide genotyping as part of an ongoing genome-wide association study of ICH. Participating sites included Massachusetts General Hospital, Beth Israel Deaconess Medical Center, Mayo Clinic Jacksonville, and the Universities of Michigan, Virginia, Florida at Jacksonville and Washington. The study was approved by the institutional review board or ethics committee of participating institutions. All participants or their legal proxies provided written consent.
Case ascertainment
Ascertainment of ICH cases was performed by stroke neurologists who were blinded to genotype data. Enrolled subjects were primary acute ICH cases that presented to the participating institutions, were >55 years of age and had confirmation of primary ICH through computed tomography (CT). Exclusion criteria included warfarin treatment, trauma, brain tumor, hemorrhagic transformation of a cerebral infarction, vascular malformation, or any other cause of secondary ICH. A detailed clinical history with relevant covariate information was obtained for each subject, including admission systolic and diastolic BP reading. At each participating institution, BP management was implemented according to the American Heart Association Guidelines. 13 Patients (or their caregivers) were interviewed via telephone at 3 months post-ICH to assess their functional outcome using the mRS.
Imaging analysis
ICH location was assigned based on admission CT by neurologists who were blinded to genotype and clinical data. ICH exclusively involving the thalamus, basal ganglia, internal capsule and deep periventricular white matter was defined as deep ICH. ICH originating at the cortex and cortical-subcortical junction was defined as lobar ICH. Hemorrhages involving both territories were defined as mixed ICH and were excluded from the current analysis. Admission ICH hemorrhage volumes were centrally assessed at the Massachusetts General Hospital (the coordinating center). Admission ICH hemorrhage volumes were measured using Alice (PAREXEL International Corporation) and Analyze 9.0 (Mayo Clinic, Rochester, MN) software using previously described methods. 14 The distribution of BHVs across participating institutions was assessed by means of analysis of variance, and no significant differences were observed (p=0.45 and p=0.08 for deep and lobar BHVs, respectively). Intraventricular bleeding was not included in volume calculations.
Exposure ascertainment
Peripheral whole blood was collected at each participating institution at the time of consent. Blood samples were subsequently shipped to the Massachusetts General Hospital, the coordinating center, and genotyping was carried out at the Broad Institute (Cambridge, MA). Genotyping was performed using Illumina (San Diego, CA, USA) HumanHap 610 Quad. Stringent quality control procedures were implemented following standard protocols. 15 IMPUTE2 software 16 was utilized to impute unobserved SNPs based on reference panels from HapMap and the 1000-genomes project.
Statistical analysis
Selection of SNPs associated with BP-SNPs associated with BP p<1×10 −7 were selected from the National Human Genome Research Institute GWAS catalog. To ensure that the results of this study reflect independent genetic effects, SNPs in each chromosome were pruned to exclude variants in high linkage disequilibrium (r 2 > 0.5).
Population stratification-Principal components analysis was implemented to account for population structure. 17 Principal components were initially applied to identify and remove population outliers. Subsequently, principal component 1 and 2 were added as covariates to the regression models that were fit to test each hypothesis.
Genetic association analysis for individual variants-BHV was natural logtransformed to approximate normality. Single-SNP genetic association testing with BHV was completed using linear regression, assuming additive effects for each risk allele present, and including age, gender and principal components 1 and 2 in the model.
Genetic risk score-The main exposure of interest in the present study was the burden of risk alleles for increased BP, as expressed by a weighted GRS. A weighted GRS is the sum of the products of the risk allele count (0, 1 or 2) at each locus multiplied by the reported effect (obtained from the National Human Genome Research Institute GWAS catalog) of that risk allele on BP. For SNPs that had minor alleles associated with decreased BP, the major allele was used as the reference when constructing the score in order to assure common directionality of effects.
Association analysis for the GRS-Univariate and multivariate linear regression analysis was implemented to model the change in mean BHV and mean admission systolic BP. Multivariate logistic regression was utilized to model the change in mean log-odds of poor functional outcome. The GRS Z-score was calculated for each subject (the subject's value of the GRS minus the sample's mean GRS, divided by the sample's standard [SD] deviation for the GRS) and entered as a linear predictor in the regression models. In this setting, the obtained regression coefficient can be interpreted as the change BHV per 1 SD increase in the GRS. Multivariate models included factors known or suspected to influence BHV: age, sex, pre-ICH treatment with aspirin and pre-ICH history of hypertension. 18, 19 To assess influence of outlier observations, ICH volumes >4 SDs from the mean were dropped in sensitivity analysis. The effect of including time from symptom onset to CT scan to the model was also explored in sensitivity analysis.
Statistical significance was considered to be Bonferroni-corrected p<0.001 for single-SNP association testing (42 tests), and p<0.05 for GRS analyses, all tests being two-sided. All statistical analyses were performed in SAS 9.2 (SAS Institute, Cary, NC USA).
RESULTS
Three hundred and forty one subjects met this inclusion criteria during the study period ( Figure 1 ). Of these, 18 had no available CT data. No significant differences were observed when comparing the full cohort with the final sample that had complete data. Of the 323 subjects available for analysis, 135 (48%) had deep and 188 (52%) lobar hemorrhages (Table 1) .
A total of 42 SNPs were selected to build the BP-based GRS (Supplemental Table 1 ). There were 157 entries related to BP or hypertension in the Catalog of Published Genome-Wide Association Studies available through the National Human Genome Research Institute. Of these, 86 corresponded to repeated entries (i.e., referred to genetic variants identified in more than one study). Of the remaining 71 SNPs, 58 had been reported to be associated with BP levels at p-values of < 1×E-7; 3 of these had no available risk allele. After genotype pruning based on linkage disequilibrium (r 2 <0.5), 42 SNPs remained to be utilized in the score, all with minor allele frequencies >5%. Eighteen and 22 of these variants were directly genotyped in Illumina HumanHap 610 Quad array; the remaining variants were inferred through imputation. The maximum number of BP-associated alleles that a given individual in the study could have was 84. Mean (±SD) numbers of high-BP-associated alleles were 41 (±4) and mean GRS was 11.4 (±0.9). None of these SNPs, when assessed individually, was associated with BHV (Supplemental Table 2 ).
The burden of BP-related alleles was associated with mean BHV in deep ICH. In univariate analysis, each additional SD of the BP-based GRS was associated with a 29% increase (or 3.2 mL, β=0.29, SE=0.10, p=0.005) in mean BHV for ICH located in deep regions ( Figure  2 ). This association between deep ICH BHV and the GRS remained significant, and the estimates unchanged, in multivariate analysis (28% or 3.1 mL increase, β=0.28, SE=0.11, p=0.009, Table 2 ). No association was found when considering all (deep and lobar combined) or lobar ICH in neither univariate ( Figure 2 ) nor multivariate analysis (Table 2 ).). Sensitivity analyses aimed to explore the exclusion of outlier observations and the inclusion of time from symptom onset to CT scan did not significantly modify these results (data not shown).
The burden of BP-related alleles was also associated with poor clinical outcome after ICH. Ninety-day mortality was 111 (39%), 43 (40%) and 65 (35%) for all, deep and lobar ICH, respectively. Poor outcome (mRS 3-6) was observed in 193 (60%), 81 (60%) and 108 (57%) subjects with all, deep and lobar ICH, respectively. As expected given the effect of the GRS on deep BHV, in multivariate logistic regression analysis each additional SD of the score was associated with a 71% increase (OR=1.71, 95%CI 1.05-2.80, p=0.03) in risk of having a poor clinical outcome (Table 3) . Sensitivity analysis excluding outlier observations did not significantly modify these results (data not shown).
The BP-based GRS was also associated with poor clinical outcome in all ICH (deep and lobar combined). Each additional SD of the score was associated with a 39% increase (OR=1.39, 95%CI 1.04-2.87, p=0.03) in risk of having a poor clinical outcome (table 3) . This effect, however, appears to be driven by the embedded effect of the GRS on deep hemorrhages. Supporting this notion, the point estimate of the odds ratio for poor clinical outcome in all ICH was 1.39, versus 1.71 in deep ICH. Further, the analysis for all ICH achieved the same association strength as that obtained for deep ICH (p=0.03), with twice the sample size.
DISCUSSION
Our results demonstrate that the burden of BP-related risk alleles, as measured through a GRS, is associated with increased BHV in ICH. This association is subtype-specific for hematomas occurring in deep structures of the brain. The GRS, likely through its effect on hematoma volume, also predicted poor clinical outcome, defined as severe disability or death 90 days after the bleeding episode, in deep and all (deep and lobar combined) ICH. These results are in line with previous evidence that show that the underlying biology of ICH varies with location. ICH occurring in deep locations of the brain has been primarily attributed to the effects on the cerebral vessels of long-standing hypertension, 3 while a substantial proportion of lobar ICH appears to arise in the setting of amyloid angiopathy. 4 The present results extend our understanding of the role of blood pressure in ICH. In an expanded set of cases and controls, we have previously demonstrated that the burden of BPrelated genetic variants increases risk of deep hemispheric, but not lobar, ICH. 9 These findings point to a mechanism that could mediate the observed effect: the same small vessel vasculopathy that caused the intracranial bleeding could also be responsible for the severity of the hematoma. This model proposes that severer stages of the intracranial vasculopathyhypertensive in this case-lead to vessels more prone to rupture in the vicinity of the ICH, thus generating a cascading effect that would results in larger hematomas. As mentioned in the introduction, this paradigm has been put forward to explain the dual effect of the epsilon 2 allele at the apolipoprotein E locus on both risk 6 and hematoma volume 7 of ICH. The fundamental role of amyloid angiopathy and common genetic variation at the apolipoprotein E locus in the occurrence of lobar ICH also explains why the present study yielded a null result for lobar ICH, despite evidence showing that high BP also plays a role in risk of ICH in this location. 20 Another mechanism that could mediate the effect of the burden of BP-related alleles on admission ICH volume involves BP levels during the bleeding episode. Higher BP levels after admission for ICH have been associated with increased risk of hematoma expansion, and, conversely, aggressive BP management is associated with a decreased risk of hematoma expansion. 19, 21 Higher number of BP-associated alleles could lead to worse and, possibly, more difficult-to-manage hypertension status. In the present study no association was observed between the BP-based GRS and admission systolic BP (Supplemental table 3 ). This result, however, is limited by the fact that only one BP measurement per subject was available for analysis. Further studies should evaluate the effect of BP-based GRS on patients' complete BP profile, obtained through repeated BP measurements during the hospital admission.
In addition to contributing to understand the biology underlying ICH volume and expansion, these data have important implications for risk prediction. Given the limited impact of acute treatment in ICH, it is paramount to identify subjects at the highest risk of sustaining an ICH, as well as those at the highest risk of suffering severe bleedings. This would open the possibility of implementing aggressive preventive strategies in high-risk individuals. Genetic variants can aid in this goal, as these data are available from birth, long before hypertension is diagnosed, are constant over time, and are not subject to misclassification, and can be collected quickly, cheaply and painlessly. Importantly, this same approach could be applied to other risk factors and intermediates, and combined genetic data on common variants for these intermediates could be used to build increasingly precise risk prediction models.
This study has a number of limitations. First, due to the difficulty inherent in collecting ICH cases with both genotype data and quantification of BHV, we are not able to provide replication of these results in an independent dataset. It should be emphasized, however, that the weights utilized in the score were obtained from previous, independent genome-wide analyses, rather than from within our study population. Second, selection bias could be present in the form of survival bias. Patients identified in the setting of the implemented study design would be those who survived the onset of an ICH, thus reaching the hospital and allowing for their enrollment. As has been shown recently, however, simulation results suggest that the effect on risk estimates introduced in this setting would be relatively small. 22 Third, clinical status at three months was carried out by telephone interview; this could have introduced some misclassification in this outcome. Previous studies have shown, however, that telephone ascertainment of the mRS has acceptable reliability. 23 Finally, the results of this study were obtained in a population from European ancestry. Further analyses would be needed to extrapolate our conclusions to populations of different ethnic background.
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SUMMARY
Considered individually, no single BP-related SNP is associated with ICH admission volume. This is expected, given the small effect on BP exerted by each of these genetic variants when considered in isolation. The aggregate burden of these risk alleles, on the other hand, is associated with mean hematoma volume upon admission in deep ICH, and poor functional outcome at 90 days in both all (deep and lobar) and deep ICH. Complete cohort of eligible cases (n=341), including subjects with missing data for admission computed tomography, was compared with the cohort of cases with complete data (n=323). Tested characteristics included age, sex, vascular risk factors and pre-ICH treatment with aspirin. Stroke. Author manuscript; available in PMC 2014 February 01.
Table 2
Multivariate linear regression results -Dependent variable: Natural log-transformed admission ICH volume. Stroke. Author manuscript; available in PMC 2014 February 01.
Table 3
Multivariate logistic regression results -Dependent variable: Poor functional outcome (mRS 3-6). 
